The distribution of genetic variation and the phylogenetic relationships between 18 populations of the arctic-alpine plant Trollius europaeus were analysed in three main regions (Alps, Pyrenees and Fennoscandia) by using dominant AFLP markers. Analysis of molecular variance revealed that most of the genetic variability was found within populations (64%), although variation among regions (17%) and among populations within regions (19%) was highly significant ( P < 0.001). Accordingly, the global fixation index F ST averaged over loci was high (0.39). The among-population differentiation indicates restricted gene flow, congruent with limited dispersal of specific globeflower's pollinating flies ( Chiastocheta spp.). Within-population diversity levels were significantly higher in the Alps (mean Nei's expected heterozygosity H E = 0.229) than in the Pyrenees ( H E = 0.197) or in Fennoscandia ( H E = 0.158). This finding is congruent with the speciesrichness of the associated flies, which is maximum in the Alps. We discuss the processes involved in shaping observed patterns of genetic diversity within and among T. europaeus populations. Genetic drift is the major factor acting on the small Pyrenean populations at the southern edge of T. europaeus distribution, while large Fennoscandian populations result probably from a founder effect followed by demographic expansion. The Alpine populations represent moderately fragmented relics of large southern ancestral populations. The patterns of genetic variability observed in the host plant support the hypothesis of sympatric speciation in associated flies, rather than recurrent allopatric speciations.
Introduction
The genetic structure of a species is both influenced by its past history and by current gene flow. The Quaternary cold periods in Europe have heavily influenced the distribution of plant species with many range contractions-expansions in direct relation with climatic variations (Hewitt 1996; Comes & Kadereit 1998) . The ice sheets of the Northern hemisphere began to grow about 2.5 My ago and the major climatic oscillations occurred during the last 700 ky (Webb & Bartlein 1992) . During glaciations, many temperate European plant species were shown to be restricted to three main southern ice-free refugia: one in PortugalSpain, one in Italy and one in the Balkans (Taberlet et al . 1998; Hewitt 2001 ). Most present plant species distributions in Europe result from a northward recolonization from those southern refugia after the last glaciation, about 12 000 years ago (the 'tabula rasa hypothesis ', Nordal 1987; Birks 1996) . Under this hypothesis, the southern part of Europe should present the highest genetic diversity by contrast with the northern part recently recolonized (founder effect). This picture is likely to be quite different for cold-tolerant plants which may have survived in icefree northern, alpine or eastern refugia during Pleistocene glaciations (Lagercrantz & Ryman 1990; Abbott et al . 1995; Tremblay & Schoen 1999; Vendramin et al . 2000) , resulting in the maintenance of high genetic diversity in nordic and/ or alpine populations. Much fewer phylogeographical analyses had been undertaken on these taxa, so that their glacial refugia are still poorly known, but are likely to be found at higher latitude/altitude than those described for temperate taxa. Moreover, not only past history, but also current balance between gene flow and genetic drift shapes the observed genetic patterns of species: genetic drift in small populations at the edge of the species range will lead to reduced within population genetic diversity and high between population differentiation, while populations admixture can lead to increased genetic diversity (Walter & Epperson 2001) . Discriminating between patterns of genetic variation caused by gene flow/drift balance from those caused by common ancestry requires analysing genetic variability at both spatial and temporal scales: within vs. among populations and regions throughout Europe, and past history (phylogeography) vs. recent history (drift and gene flow).
The European globeflower Trollius europaeus L. (Ranunculaceae) is a perennial arctic-alpine species growing in moist and cold meadows. The species occurs at low altitude in northern Europe (i.e Fennoscandia and Russia) where populations are usually large and more or less continuously distributed. By contrast, in southern Europe, T. europaeus is restricted to mountains above 700 m and forms much more fragmented populations, especially at the southern edges of its distribution, where populations are usually small and patchily distributed. During the last glaciation, glaciers covered most of the present range of the species. The pollination ecology of T. europaeus has been studied extensively as it is one of the rare reported cases of a plant being pollinated exclusively by a seed parasite (Pellmyr 1989; Jaeger & Després 1998; Jaeger et al . 2000 Jaeger et al . , 2001 . Pollinators are small anthomyiid flies (genus Chiastocheta ) whose larvae develop by eating a fraction of the plant's seeds. Several Chiastocheta species may coexist in T. europaeus populations with up to six species observed in many Alpine populations (Després & Jaeger 1999) . These species differ in the date of oviposition. By contrast with Alpine populations, a maximum of five species were described throughout the whole northern range (Pellmyr 1992; Després et al . 2002) , and only three have been observed so far in the five Pyrenean populations sampled in the present study (L.D., unpublished data). Moreover, the highest level of mtDNA sequence polymorphism within Chiastocheta species was observed in the Alps . This high level of biodiversity (both in terms of species number and within species variability) found in the globeflower flies in the Alps may reflect the history of T. europaeus populations in Europe. Indeed, because of the intimacy of the relationship linking the plant and the insect, their evolutionary history is likely to be the same; our expectation is therefore to find the highest plant genetic diversity in the Alps. Our main objective is to determine the evolutionary processes responsible for the observed pattern of genetic variation in T. europaeus , and to infer those driving Chiastocheta spp. radiation. The timescales involved in Chiastocheta radiation and in T. europaeus phylogeography are different: Chiastocheta speciation events occurred several times during the last 2 million years , whereas the present study of T. europaeus genetic structure considers only the plant history since the end of the last glacial period (12 000 years ago). However, the last 2 million years have been characterized by several range contraction-expansions comparable to the last one, in concordance with cyclical climatic changes of similar amplitude. Recurrent allopatric speciations may have occurred in the Chiastocheta genus during fragmentation periods of the host-plant range, followed by remixture of allopatrically differentiated species. Alternatively, sympatric speciation may have occurred in ancestral large host-plant southern populations throughout disruptive selection on the date of oviposition (Després & Jaeger 1999; Ferdy et al . 2002) , followed by local species extinction during fragmentation of the host-plant populations and/ or species loss during range expansion. The finding of well-differentiated host-plant lineages originating from different geographical regions and coexisting in the Alps would support the first hypothesis, whereas the finding that Pyrenean and Alpine populations represent fragmented relics of large southern, low altitudinal, interconnected populations would support the second hypothesis.
In this study, we analyse the genetic diversity of the globeflower from the north to the south of its geographical distribution. Nuclear and chloroplast sequencing failed to reveal nucleotide variability among T. europaeus populations (Després et al . submitted) . For this study, we therefore chose the amplified fragment length polymorphism (AFLP) technique, validated as efficient for biogeographical questions (Weising et al . 1995; Mueller & Wolfenbarger 1999) . The AFLP technique, described first by Vos et al . (1995) , offers the advantage of generating a large number of markers, spanning the whole genome without requiring any prior knowledge. The major flaw of this marker is that it is a dominant marker, therefore precluding any inference of the within-population genetic structure.
We first studied the within-and among-population genetic diversity in three main geographical regions: Fennoscandia (i.e northern part of the T. europaeus distribution area), Alps and the Pyrenees (i.e southern part of the species distribution area). We then inferred the phylogenetic relationships between these populations in relation to their geographical location (phylogeography), and finally proposed a scenario describing the history of T. europaeus populations during the last postglaciation period.
Materials and methods

Plant material
Trollius europaeus L. is an arctic-alpine, early-flowering perennial. This diploid plant (2 n = 16) is an obligate outcrosser depending on Chiastocheta flies for its pollination throughout its geographical range (Pellmyr 1989; Jaeger & Després 1998; Hemborg & Després 1999 ). The plant is 0.2 -1 m high and usually produces a single yellow globose flower composed of several multi-ovulate carpels. The closed shape of the flower does not allow visitors other than Chiastocheta flies. Males and females feed, rest and mate inside the flowers, pollinating them passively. Females deposit eggs on carpels and larvae develop on seeds. Mature follicules open at the end of the summer, liberating seeds and pupae that fall down in the soil to germinate/emerge the following spring. Only the underground taproot persists over winter, and there is no evidence of asexual multiplication. Adult Chiastocheta flies do not survive during winter.
Eighteen populations of T. europaeus were chosen in order to cover a broad geographical range (Fig. 1) . Five populations in each of three main regions were sampled: Fennoscandia, Alps and the Pyrenees. In addition, three more isolated populations were sampled in Germany, Poland and Romanian Carpathians. The population sizes and elevations were distributed widely ranging, respectively, from 30 to thousands of individuals, and from 0 to 2500 m (Table 1) . Thirty individuals per population were sampled randomly and for each individual, leaf material was collected and dried immediately in silica gel. Genetic analyses were performed on 10 individuals per population, resulting in a total of 180 individuals genotyped.
AFLP protocol
DNA extraction was performed with the Dneasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol, using about 20 mg of dried leaf material. DNA concentration was determined by fluorometry with the Picogreen® DNA quantification Kit (Molecular Probes, Leiden, Netherlands) and ranged from 15 to 25 ng/ µ L. The AFLP method was performed as described by Gaudeul et al . (2000) : Eco RI adapters were 5 ′ -CTCGTAGACTGCGT-ACC-3 ′ and 5 ′ -AATTGGTACGCAGTCTAC-3 ′ , and Mse I adapters 5 ′ -GACGATGAGTCCCTGAG-3 ′ and 5 ′ -TACTCAGGACTCAT-3 ′ . For the preselective amplification by PCR, parameters were as follows: 2 min at 72 ° C, 30 cycles of 30 s denaturing at 94 ° C, 30 s annealing at 56 ° C, and 2 min extension at 72 ° C, ending with 10 min at 72 ° C for complete extension, using Eco RI primer E.A (5 ′ -GACTGCGTACCAATTCA-3 ′ ) and Mse I primer M.C (5 ′ -GATGAGTCCTGAGTAAC-3 ′ ). For the selective amplification, PCR parameters were: 10 min at 95 ° C followed by 36 cycles of 30 s denaturing at 94 ° C, 30 s annealing, and 1 min extension at 72 ° C, ending with 10 min at 72 ° C for complete extension. Annealing was initiated at a temperature of 65 ° C, which was then reduced by 0.7 ° C for the next 12 cycles and maintained at 56 ° C for the subsequent 23 cycles. Three selective PCR primer pairs were selected over 16 tested for the quality of the produced bands (i.e. even distribution of bands with relatively homogeneous intensity): E.ATC/M.CAG, E.ATC/M.CAT and E.AGA/M.CTC. Products were separated by electrophoresis for 6 h on a 5% polyacrylamide gel (automated sequencer ABI 377 TM Perkin-Elmer). AFLP patterns were then visualized with Genescan Analysis® 3.1 (Perkin-Elmer): a fluorescent peak corresponds to the presence of an amplified restriction fragment. Polymorphic peaks were checked individually and a presence/absence (i.e. 1/0) matrix was manually constructed. Reproducibility of each primer pair was checked by carrying out two times the whole AFLP protocol for three individuals chosen randomly.
Data analysis
Independence of markers was assessed first by calculating their pairwise linkage index
is the allele value of individual i for the marker A and n , the total number of individuals analysed. If marker pairs had values of D = 0.01 or D = 0.99, one was discarded from the data set to avoid redundancy. D -values were calculated using the program DDM (disequilibrium between dominant markers) version 0.1 (P. Berthier, pers. comm.). Statistical analyses of AFLP patterns were based on the following assumptions: (i) AFLP markers behave as diploid, dominant markers with alleles either present (amplified) or absent (nonamplified); (ii) comigrating fragments represent homologous loci; and (iii) populations are at the Hardy-Weinberg equilibrium (HWE). This assumption appears justified because the globeflower is an obligate outcrosser throughout its geographical distribution. Only polymorphic markers were taken into account in all calculations.
Mean genetic diversity within populations was estimated using popgene Version 1.31 (Yeh et al . 1997 ) in three ways: (i) the percentage of polymorphic loci out of all polymorphic loci ( P% ) (ii) Nei's (1978) unbiased expected heterozygosity ( H E ) and (iii) Shannon's index of phenotypic diversity ( I S & Lewontin 1972). Estimates of H E and I S were obtained by averaging across loci. Genetic differentiation among populations and regions was calculated as the unbiased F ST estimator of Weir & Cockerham (1984) , and its 95% confidence interval was obtained by bootstrapping 1000 replicates over loci using tfpga Version 1.3 (Miller 1997) . To evaluate among-population or among-region differentiation, total genetic diversity was also partitioned among regions, among populations within regions, and within populations by carrying out a hierarchical analysis of molecular variance ( amova ) on euclidian pairwise distances ( Φ ST ) using arlequin Version 2.000 (Schneider et al . 2000) . Finally, Fisher's exact tests were performed on marker frequencies at each locus between all pairs of populations/regions (Raymond & Rousset 1995) : these pairwise tests determine if significant differences in marker frequencies exist between groups of individuals. In order to test for a correlation between genetic (Nei 1978) and geographical distances (in km) among populations, Mantel tests (Mantel 1967) were performed using tfpga (1000 permutations). To determine the phylogenetic relationships among the populations, a neighbour-joining dendrogram based on Nei's distance was constructed, and bootstrap 
Results
AFLP polymorphism
Using three primer pairs, 128 scorable polymorphic fragments were generated. All the 180 individuals genotyped presented different profiles. When all the 180 genotypes were considered, a complete or nearly complete linkage disequilibrium (D ≤ 0.01) was found for 57 pairs of markers, due probably to physical linkage among these markers.
To avoid redundant information, 11 markers were discarded before subsequent analyses, leading to a total of 117 independent locus markers: 46 for the primer pair E.ATC/M.CAG, 47 for E.ATC/M.CAT and 24 for E.AGA/ M.CTC. The mean linkage disequilibrium over all pairs of loci was D = 0.44.
Genetic distance analysis
The neighbour-joining dendrogram based on Nei's (1978) unbiased genetic distances between all pairwise combinations of populations (Table 2 ) revealed three population clusters: one group includes all the Pyrenean populations, another groups the five Alpine populations with the German population, and the third groups Fennoscandian populations with the Polish and Romanian populations in a basal position (Fig. 2 ). This latter group is supported by generally high bootstrap values (range 72 -99%), except for the Romanian population, different from all other populations. The two other groups present less robust nodes (range 24-89%). We therefore defined three groups of populations corresponding to three geographical regions: the Pyrenees, the Alps (including the German population Fulda) and Fennoscandia. These three groups are comparable both in sample size (respectively five, six and five populations sampled) and in geographical area (populations within a region are less than 700 km apart). Because the sampling was too restricted in eastern Europe (only two populations sampled), the Polish and the Romanian populations were excluded from the grouped populations analyses.
Within-population and within-region genetic diversity
The percentage of polymorphic loci (P%) and the Nei (H E ) and Shannon (I) indices for each population were strongly correlated (Table 3 , pairwise Spearman's rank correlation coefficient P% vs. H E : r s = 0.812; H E vs. I: r s = 0.998; P% vs. I: r s = 0.814; all P < 0.001). The mean percentage of polymorphic loci was significantly higher within the Alpine populations (60.78 ± 2.21%) compared to the Pyrenean (46.15 ± 5.39%) and Fennoscandian populations (43.25 ± 2.22%), whereas these two latter groups did not significantly differ (Mann-Whitney U-test; Alps vs. Pyrenees: P = 0.035; Alps vs. Fennoscandia: P = 0.008; Pyrenees vs. Fennoscandia: P = 0.6). Nei's and Shannon diversity indices were also higher in the Alps (0.229 ± 0.024 and 0.338 ± 0.033, respectively) but it was significant only when At the regional level, 107 markers were polymorphic in the Alps, 100 in the Pyrenees and only 84 in Fennoscandia, indicating that although the average within population percentage of polymorphic markers was not higher in the Pyrenees as in Fennoscandia, different markers were polymorphic in different Pyrenean populations, resulting in a total number of polymorphic markers in the Pyrenees close to that observed in the Alps. The Pyrenees were also characterized by higher heterogeneity for all withinpopulation diversity indices. For example, the standard deviation of the percentage of polymorphic loci was 12.04% in the Pyrenees, whereas it was only 5.40% and 4.97% in the Alps and in Fennoscandia, respectively.
Among-population and among-region differentiation
The global F ST value among all populations was 0.39 (95% confidence interval (CI) 0.37-0.42), indicating a strong among-population differentiation. At a regional scale (Polish and Romanian populations excluded), the Pyrenees appeared to be the more differentiated region (F ST = 0.39, 95% CI 0.33 -0.44), followed closely by Fennoscandia (F ST = 0.36, 95% CI 0.30 -0.42), whereas the Alps had significantly lower among-population differentiation (F ST = 0.24, 95% CI 0.20 -0.27).
Although the major part of genetic variation was found within populations (64.0%), with only 19.5% variation among populations within regions and 16.6% among regions (amova, Table 4), exact tests showed a strong genetic differentiation among the three regions (all three comparisons P < 0.001). When each region was analysed separately, most of the variation was again detected within populations, with up to 84.8% of the variance found within populations in the Alps. Pairwise exact tests of population differentiation indicate that most pairs of populations from different regions significantly differed for their marker frequencies (Table 2) . However, the three populations from the oriental Pyrenees (seven, eight and 11) were not significantly differentiated from some Alpine populations (Table 2) , indicating a close relationship between these two regions. To test whether the Pyrenees and the Alps really represent two differentiated regions, we excluded Fennoscandia from the amova and partitioned total variance among the Pyrenees and the Alps (11 populations): variance among regions fell down to 7%, but this was still significant (Table 4) . Within regions, most pairwise comparisons showed no significant difference for marker 
Genetic vs. geographical structure
The overall Mantel test based on the 18 populations was significant (r = 0.4904; P = 0.001). At a regional scale, there was no correlation between genetic and geographical distances in the Pyrenees (r = 0. 1882; P = 0.191), nor in the Alps (r = 0.3201; P = 0.225), nor in a region grouping Pyrenean and Alpine populations (r = 0.3050; P = 0.09). By contrast, a significant positive correlation between the two distance matrices was found in Fennoscandia (r = 0.7494; P = 0.03).
Discussion
Within-population diversity
Whatever the region, most of the genetic diversity was found within populations of the European globeflower.
Such a finding of higher genetic diversity within rather than among populations was reported commonly in outcrossing and/or perennial plants, by contrast to selfing and annual species which tend to exhibit the opposite pattern (Hamrick et al. 1991) . The highest mean within-population diversity was found in the Alps, and the lowest in Fennoscandia. This finding of lowest variability in northern populations is probably explained by the past history of these populations, and is in accordance with the 'tabula rasa hypothesis': only a small sample of the southern genetic variability was represented in the migrants that recolonized the newly available space in the north (founder effect). However, the level of variability within Fennoscandian populations was still quite high (ranging from 37.6 to 48.7% of polymorphic loci), and not significantly different from the variability observed within Pyrenean populations (range 28.2 -59.8%). In the Pyrenees, the lowest within-population diversity was observed in Gazies, which is also one of the smallest populations sampled in this region. By contrast, another population in the Pyrenees, Eynes, exhibited similar level of genetic diversity as Alpine populations. This population is one of the largest populations sampled in the Pyrenees. This suggests that the comparatively low genetic variability Table 4 Analysis of molecular variance (amova) based on 117 AFLP loci in three regions: Alps, Pyrenees and Fennoscandia. Global analysis (three regions), the group Alps + Pyrenees, and each region analysed separately. The Polish and Romanian populations were excluded from the analysis because they cannot be assigned to one of the three regions observed in the Pyrenees could be the result of genetic drift (random fixation of alleles) in small populations, especially strong at the southern edge of their distribution. A positive correlation between population size and genetic variability has been found in many plant species (Fischer & Matthies 1998; Gaudeul et al. 2000) , in agreement with the hypothesis that small populations cannot maintain diversities as high as those found in larger populations. No such relationship between population size and genetic diversity can be evidenced in the present study, because large populations in Fennoscandia do not exhibit the highest level of genetic variability, probably due to the founder effect when demographic expansion occurred. Genetic drift in the Pyrenees is also supported by the fact that different markers are polymorphic in different populations, indicating random allele fixation, and by a higher heterogeneity between within-population diversity indices. Therefore, relatively low and similar levels of withinpopulation variability in the Pyrenees and in Fennoscandia result from two very different processes: genetic drift due to current small population sizes in the Pyrenees, and a founder effect during postglacial recolonization in Fennoscandian populations, followed by demographic expansion.
The high genetic diversity observed within Alpine populations reflects the proximity of a glacial refugium, and the fact that populations are larger than in the Pyrenees. The presence of a glacial refugium in southwestern Alps was evidenced in Picea abies (Scotti et al. 2000) . The high genetic variability found within Alpine populations is concordant with the richness of its associated pollinators community.
Among-population differentiation
Despite the fact that most variability was observed withinpopulations, overall among-population differentiation was high (F ST = 0.39) suggesting that there is little gene flow among populations. This is not very surprising given the wide geographical range surveyed (distances between two populations range from 2 to 3252 km). Amongpopulations gene flow is limited by pollen and seed dispersal. T. europaeus being an insect-pollinated plant, pollen dispersal is limited by the flying capacity of its pollinator, a small short-living fly (Chiastocheta genus). An allozyme analysis of the genetic structure of Chiastocheta populations at a fine geographical scale (in Denmark) evidenced strong local differentiation and low dispersal ( Johannesen & Loeschcke 1996) . Moreover, seed dispersal is not likely to be very efficient, given the weight of T. europaeus seed (approximately 0.5 mg, excluding wind transport) and its lack of dispersal structures.
The Pyrenees was the region with the highest amongpopulations differentiation (F ST = 0.39), despite being the smallest region surveyed (maximum distance between populations = 206 km). There was no correlation between genetic and geographical distances in the Pyrenees, as expected if genetic drift is the major factor of differentiation. For example, Gazies was genetically distant from all the other Pyrenean populations, although it was only 10 km apart from Gabardères. The high among-population differentiation observed in the Pyrenees is the result of the random fixation of different alleles in different populations (up to 84 alleles were fixed in Gazies), regardless of their geographical location: this indicates that populations evolve independently from each other, and that gene flow is very limited among them. By contrast, genetic distances between Fennoscandian populations increased with geographical distances, in agreement with an isolation by distance model (Ellstrand & Elam 1993) . This pattern may reflect a stepwise recolonization process following glacier retreat, and/or present day short-distance gene flow among more or less continuous large populations. The lack of correlation between genetic and geographical distances in the Alps indicates that genetic drift is acting in the Alps, but to a lesser extent than in the Pyrenees: gene flow among populations is higher in the Alps than in the Pyrenees as showed by lower among-population differentiation. Thus, gene flow seems to counteract the effect of genetic drift, and limits genetic erosion.
Phylogenetic relationships among populations and colonization routes
presence of two lineages in the Alps, with the western populations being well differentiated from the eastern populations (Scotti et al. 2000) .
The population from Germany, Fulda, is grouped with the Alpine populations. This suggests that there is a route northward from the Alpine refugium. All the Fennoscandian populations sampled nest inside a cluster with Polish and Romanian population in a basal position, indicating that north Arctic was probably recolonized from an eastern Carpathian refugia, with no admixture of populations from the Pyrenean or Alpine refugia. Several recent molecular phylogeographies involving animals and plants evidenced the postglacial recolonization of northern Fennoscandia from the Balkanic refugia, together with the recolonization of southern Scandinavia from the Iberian or Italian refuges (Taberlet et al. 1998; Hewitt 2001) . These expansion routes meet in central Scandinavia where the ice-cap melted some 9000 years ago and form an hybrid zone. Our sampling did not include globeflowers from southern Scandinavia, but such an east-west colonization pattern for T. europaeus is suggested by the German population expanding northward from the Alps. Although a number of studies demonstrated recolonization by coldtolerant plant species of boreal regions from high arctic refugia (Abbott et al. 1995; Lagercrantz & Ryman 1990; Tremblay & Schoen 1999) , our study shows no evidence of a northern refugium for T. europaeus. This cold-tolerant plant is very sensitive to dryness, and is totally dependent on Chiastocheta fly activity for its reproduction, so that its survival during dry glacial periods in high arctic ice-free refugia was probably precluded. The lack of northern refugia for the host-plant precludes the possibility for Chiastocheta allopatric speciation in differentiated southern/ northern refugia. Furthermore, the lack of strong genetic differentiation between the Alpine and Pyrenean globeflower populations suggests that these two regions were connected during Pleistocene, presumably preventing allopatric fly speciation. No Chiastocheta species is specific to a geographical region. This suggests that sympatric speciation may have occurred in large, ancestral, southern host-plant populations throughout disruptive selection on the date of oviposition. In this perspective, the absence of some Chiastocheta species in the Pyrenees and Fennoscandia could result from species extinction during fragmentation of the host-plant populations (in the Pyrenees), and species loss during northward expansion (in Fennoscandia).
Conclusion
Our study shows that T. europaeus probably survived the last glaciation in more or less interconnected southern populations, represented nowadays by the relictual populations found at high elevation in the Pyrenees, Alps and Carpathians. The high arctic populations originated from one single southeastern lineage, supporting the 'tabula rasa' hypothesis. Moreover, the analysis and interpretation of our data at several spatial and temporal scales suggests that distinct evolutionary processes are responsible for the patterns of within and among population genetic diversity observed in the Alps, Pyrenees and Fennoscandia. Whereas genetic drift seems to be the major factor acting in the small Pyrenean populations, leading to decreased within-population variability and increased among-population differentiation with no correlation between genetic and geographical distances (random fixation of alleles), the low diversity in Fennoscandia would rather be due to a past founder effect during northward recolonization. This past recolonization wave and/or the present gene exchange between adjacent large populations are concordant with the isolation-by-distance model. Last, the Alpine populations retain most of the ancestral genetic variability, in a moderately fragmented habitat, and therefore exhibit the maximum withinpopulation diversity. The geographical pattern of genetic variation observed in T. europaeus supports sympatric speciation of associated flies, rather than allopatric speciations in well-isolated refugial populations. Local species extinction could have occurred latter, during host-plant range fragmentation in the south, and during northern expansion.
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